A n o vel Shape Memory Alloy (SMA) actuator consisting of several thin NiTi bers woven in a counter rotating helical pattern around supporting disks is rst described. This structure accomplishes a highly e cient transformation between force and displacement overcoming the main mechanical drawback of shape memory alloys, that being limited strain.
INTRODUCTION
With the continued miniaturisation of robotic systems comes the need for powerful, compact, lightweight actuators. Conventional techniques such as electric, hydraulic, and pneumatic actuators, su er from a drastic reduction of the amount of power they can deliver as they scale down in size and weight. 8] To overcome this limitation, di erent actuator technologies have been investigated, in particular Shape Memory Alloys (SMA). Shape Memory Alloys have a high strength to weight ratio which makes them ideal for miniature applications. A SMA ber can achieve a maximum pulling force of 180 MPa. Comparing this to an electro-magnetic actuator, which can only achieve .002 MPa 7] , this represents an almost 10 5 increase in strength per cross sectional area. Thin bers of shape memory alloy can accomplish actuation by being pretreated to contract upon heating. The contraction is a result of the ber undergoing a phase transition between its Martensitic and Austenitic phases. When in the cool phase (martensitic) the alloy is malleable and can easily bedeformed by applying external stress. The original pretrained shape can then be recovered by simply heating the ber above its phase transition temperature. Since the alloy is resistive it can easily be heated electrically.
Along with SMA's high strength to weight ratio comes several limitations. SMA's possess highly nonlinear properties 1], such as a complicated hysteresis loop in the transition temperature relationship. They can however still becontrolled through the use of feedback and other control techniques, and a variable structure controller will beapplied in the second part of this paper. The main physical limitation that needs to be overcome is the absolute percent strain. SMA's can achieve a practical strain of 5 percent.
Many of the designs of actuators using shape memory alloys depend on mechanically amplifying the displacement either through the use of long straight bers 6], 10], 13], or through the use of coils 7], 8], 10]. The proposed actuator achieves mechanical motion ampli cation that is more compact than a long straight length of ber, and more e cient than using coils.
SHAPE MEMORY ALLOY ACTUATOR
The actuator, shown in Figure 1 , consists of twelve thin NiTi bers woven in a counter rotating helical pattern around supporting disks. The disks are separated by preloading springs that keep the bers under tension when relaxed. When the bers are heated, they contract pulling the disks together. The weave pattern of the bers accomplishes a displacement ampli cation. Essentially the abundant force of the alloy is being traded o for a displacement gain. This transformation between force and displacement is highly e cient since the only loss in work is due to the slight bending of the bers. Unlike shape memory alloy coils, the entire cross section of the ber in the weave is performing work in the contraction. Coils su er from the debilitating drawback of requiring a larger diameter than necessary. This is especially negative, since the response time is directly related to ber diameter. The response of the actuator is limited by the cooling rate of the NiTi bers, which directly depends on the ber's surface area to volume ratio. The higher this ratio the more rapidly the ber will cool. A great deal of the material is wasted in SMA coils since, during the shape memory e ect, only the skin of the coil is actually contracting at the maximum amount. The internal diameter of the coil is acting both as a h e a t sink and as a source of opposing force to the desired motion.
The weave pattern also results in an ideal`tensegrity' structure 3], with all compression members being passive and all tension membersactive, resulting in an optimal use of the material.
Simpli ed Case
The kinematic ampli cation can best beseen by considering the simpli ed case consisting of two beams and two bers as shown in Figure 2 . As the two bers contract, the two beams are pulled together. The displacement gain, d= s, is de ned as the change in stroke along the separating distance, divided by the change in the ber length. Since ideally the motion is constrained along d the instantaneous displacement gain is given by:
The displacement gain is inversely proportional to the sine of the weave pitch. As the disks get closer together the displacement gain dramatically increases, asymptotically approaching in nity.
SMA actuator
The weave pattern of the SMA actuator achieves a kinematic ampli cation for each cell of the actuator. All the radial components of the tension forces of the twelve bers cancel, leaving only a common axial stress force component. In this manner the displacement g a i n o vercomes the main mechanical drawback of the SMA, while the force attenuation is compensated by using several bers in parallel. The actuator is no longer limited to the absolute percent strain of the ber. The displacement gain also allows the ber to operate at reduced percent absolute strain, and since the cycle lifetime of the SMA bers increases dramatically when they operate at a lower than absolute strain, the cycle lifetime can also be increased. To obtain a reasonable response, 100 m diameter SMA bers were chosen for the actuator prototype. Twelve 100 m bers acting in parallel, allow rapid cooling in ambient air without compromising strength.
DESIGN PARAMETERS
The prototype represents only one con guration of the SMA actuator's parameters 5]. The supporting disk size and spacing, the number of bers, and the displacement gain are all adjustable parameters. All the parameters are inter-related leading to an engineering problem for which an acceptable trade-o must befound within set constraints. Equation (1) shows that the displacement gain is inversely proportional to the sine of the weave pitch. The weave pitch in turn is dependent on the ber weave pattern and the radius and spacing of the supporting disks. The weave pattern is determined by the numb e r o f n o t c hes around the disk, and the relative alignment of successive disks.
The o set angle, , is the angle between notches of successive disks in the actuator. For the actuator prototype in Figure 1 Figure 1 . To get a better idea of how the bers are woven, imagine the support disks of the actuator rolled out so that they are at. The left of Figure 4 shows a four disk actuator with the disks unravelled. The ber weave would beginat an end disk and pass through the successive points one through ve. The ber would then continue going back and forth between the two end disks until it arrived back at its starting position. In this manner it is possible to manually connect many bers in parallel, simply and securely using a small jig in a manner of minutes. After the weave was completed the two ends of the ber were merely tied in a knot. This also provided a secure mechanical connection as most of the stress on the ber occurs at the notches. The nal result is twelve bers woven in counter helical rotations such that all radial forces cancel out upon contraction.
Displacement Gain
The displacement gain can beincreased by increasing the o set angle, or by decreasing the inter-disk distance d. There are of course limits on both of these parameters. As the o set angle approaches 180 degrees, the bers approach the center of the disk. This causes the structure to become more unstable and reduces the available space in the center for the placement of the springs and/or a position sensor. The radius of the inner bounding cylinder, shown on the right of Figure 4 can be found by trigonometry to be r i = r cos where r is the disk radius and is the o set angle
Decreasing the distance in between the disks dramatically increases the displacement gain but limits the amount of stroke per cell. If the disks begin very close together they can only move a small distance before they come in contact with one another.
The force generated by the actuator can be adjusted by choosing the number and size of bers used in the weave. Obviously the more bers that are acting in parallel the larger the force generated. Again there is a limitation here on the numberof bers that can beused. As the numberof bers increases so does the ber interference in the weave. This however is not a major problem due to the exible nature of the ber. Fibers with a larger diameter can be chosen, but at the expense of response, as cooling times will increase. The actuator is also modular in the sense that any number of cells can be cascaded together.
CONTROLLER DESIGN
A considerable amount of work has been concerned with the modelling of shape memory alloy actuators 2], 9], 12], while relatively less attention has been paid to the design of feedback control laws. Many feedback control techniques reported in the literature applied to shape memory actuators are in fact linear compensators such as P, PD or PID controllers 12], 13], or close cousins.
The dynamics of shape memory actuators are predominantly nonlinear since the energy conversion principle, from heat to mechanical, relies on exploiting phase transitions in a metal. This creates at least signi cant h ysteresis in addition to many other nonlinear e ects with or without memory. In addition, the detailed properties of the dynamics of shape memory alloys vary widely with their metallurgy content, fabrication process, training techniques 7], aging, and ambient conditions, thus a great deal of parametric uncertainty is involved. Moreover, most of the detailed descriptions of their underlying physics are often not very useful for controller design, and in the case of linear controllers one usually ends up with an overly conservative design.
There are several nonlinear control techniques available, however due to the large uncertainty in plant parameters, several were immediately discarded, such as those relying on precise nonlinear identi cation, adaption and feedback linearization. Using describing functions was also ruled out as this would again result in an overly conservative controller.
Motivation for Variable Structure Control
This naturally led to the use of robust variable structure control. The overwhelming advantage of variable structure control is that relatively few parameters representing the knowledge of the physical properties of the plant need to be known, since only inequality conditions need to be satis ed in the design 14]. It is also well known that variable structure control is quite insensitive to plant parameter variations since the resulting trajectory resembles a time near-optimal switching curve.
It is often stated that a disadvantage of variable structure control is the discontinuous nature of the control signal which may cause problems in actuators in terms of ringing, excessive dissipation, and excitation of unwanted dynamics in the plant being driven by these actuators. These problems sometimes can be solved by t h e i n troduction of smooth switching laws while retaining some of the advantages of the technique. Another approach is the introduction of boundary layers in the vicinity of the so-called sliding surfaces when the nature of the plant precludes the switching frequency to approach in nity, see for example 11].
For some actuation techniques, switching is not a problem and clearly shape memory alloy actuation is one of them: the mechanical energy is derived from heat which makes the actuators naturally low pass and thus the higher order dynamics are undisturbed by step or impulse inputs. Moreover, the robustness properties of variable structure control combined with the modelling di culties of shape memory alloy actuators creates considerable incentive to apply the former to the later.
There is also yet another exceedingly practical reason which makes this combination attractive. No ampli ers, valves, or other continuous energy throttling mechanisms are needed to realize the control, only switches. As previously mentioned, one great attraction of shape memory allow actuators is the possibility for miniaturisation. With variable structure control, the energy throttling device can beas simple as a single FET switching current on and o from a power bus, thereby opening a path toward a m e c hatronictype high degree of integration with actuation, sensing, control and energy throttling including in a single unit.
Experimental Setup
The bers used in the actuator only exhibit the one way shape memory effect. For this reason it is necessary to force bias individual actuators so that they will return to their original length when cooled. This can easily be accomplished by using biasing springs or by using actuators in an antagonistic fashion. Shape memory alloys are especially suited to antagonistic arrangements since the force required to deform the alloy i s m uch less than the force generated by the phase transformation. Using the actuators in an antagonistic fashion also results in improved system response. The response time of the actuator system will depend strongly on heat activation, which can be tuned according to the input current amplitude. For these reasons open loop experiments were performed using two actuators in an antagonistic fashion as shown in Figure 5 .
Open Loop Response
The time domain open loop response to a step of input current applied to the actuator can be seen in Figure 6 . The left side of Figure 6 shows the results of heating one of the actuators with a 50 ms pulse (starting at 50 ms) while varying the current amplitude by .3 A steps from 4.2 A to 7.8 A. Note that the twelve bers are electrically connected in parallel, hence the current in each ber is divided by a factor of twelve.
The right s i d e of Figure 6 shows the results of heating the actuator with a constant current o f 6 . 3 A a n d v arying the duration of the pulse between 20 
Coarse Modelling from the Open Loop Response
Adopting a black box modelling approach, the open loop step response of the actuator reveals that although the phase transformation involves highly nonlinear properties, a markedly linear relationship between heating time and percent strain can be observed in a large portion of the graph. A coarse model can be written as: Displacement = K t where t is the length of the current pulse and K the slope of the line. The slope depends monotonically on the magnitude of the current pulse used to heat the ber. The higher this current the faster the temperature increase, and therefore the faster the response.
The linear relationship occurs after the alloy's temperature reaches somewhat past A s , the Austenite starting temperature. This e ect could beapproximated as a time delay, but will not be considered in the closed loop The oscillatory behaviour superimposed on the response, is due to the linear under-damped second-order dynamics of the system accounting for load inertia, ber elasticity and actuator damping. In the controller design, these e ects have also been ignored since the system will be designed to track position and consequently will sti en by a large factor. Under the simple controllers about to be described all ringing in the response is eliminated for a large range of the load inertial parameters.
Ignoring the time delay, the higher order response, and the various distortions, our open loop model is represented by the trajectory curves shown in Figure 7 which are the response curves of an ideal integrator.
However, the actual open loop response does not match the ideal integrator in that the position is not held when the current is turned o . The mechanical bias due to the preloading springs in the actuator tend to move the set point back slowly towards the neutral position. This e ect can be modelled with a rst order system which is in essence a \leaky" integrator.
Therefore using a rst order plant and representing the current to temperature relationship also as a rst order, we get the open loop model shown To further simplify analysis, the conversion from current i n to temperature can be replaced by a gain due to the short time constant i n volved in heating and cooling the 100 micron bers in the actuator. The chemical energy generated by the phase change is also represented by a linear gain. Depending on the input current magnitude, and hence the temperature of the alloy, w e have a corresponding rate of change in position as observed in the open loop curves. This rate can be given by:
Where A s and A f are the Austenite starting and nishing temperatures. The plant t h e n integrates this velocity to obtain the displacement.
Choosing a nominal open loop response for a current pulse-width of 50ms at 7.5 amps, experimental and simulated results are compared in Figure 9 , where it can be seen that the simple model captures the global avour of the response while ignoring the local nonlinear e ects. 
Modelling of Closed Loop Antagonistic Response
When the antagonist actuators are operating in closed loop, there is always one driving actuator and one passive actuator. Since the force generated by the phase change is much greater than the force required to deform the antagonist actuator, the response is dominated by the agonist actuator. From observing the open loop curves, it can be seen that while an actuator is being heated the response resembles that of an integrator. Therefore, for closed loop analysis, where one actuator is always driving the system and providing that cooling is su ciently fast, the model can befurther reduced to that of an integrator. The time delay present in the open loop curves can also be safely neglected since during continuous operation the alloy's temperature will remain around A s .
Variable Structure Control Design
A switching control law makes it possible to drive the state trajectory of a nonlinear plant a l o n g a u s e r c hosen surface in the state space. Such a surface is referred to as a switching surface since the control gain switches depending on whether the state trajectory is above or below the chosen surface.
The simplest switching surface involves changing the feedback control according to the sign of the error. In the phase plot of error this corresponds to a vertical switching surface along the y-axis as shown in Figure 10 . Starting from any initial conditions, the state trajectory is driven towards the switching surface, s. This is a result of constructing the control gains such that the gradient of the state space vector is always directed towards the switching surface.
With properly chosen feedback gains, the state trajectory can be constrained to move along the switching surface after the initial intersection with the switching surface. Such a motion along a switching surface is referred to as a \sliding mode", and exists on a discontinuity surface whenever the distance to this surface and the velocity of its change are of opposite signs 14]. More speci cally lim s!0 ; _ s > 0 and lim s!0 + _ s < 0
Where s is de ned as the switching surface.
Given that our model is an integrator, and choosing s, the switching surface to be equal to the displacement error (s = e) w e have:
_ x = _ e = K u (4) Where: x is the displacement, i = u is the input current, and K is the actuator gain. The equivalent c o n trol, u eq , the control needed to stay on the switching surface is then simply given by:
The value of u eq = 0 makes sense due to the fact that our model is an integrator. Once an integrator has a value, it will hold this value if the input is zero. To insure that the trajectories are driven to the switching surface we need to insure s and _s are of opposite sign, that is _ s s < 0 and so:
sgn(u) = ;sgn(s) , sgn(u) = sgn( _ s) (6) In the case of the antagonistic SMA actuator arrangement, this merely entails switching the proper actuator on or o according to the sign of the error. Also note that the selection of which actuator is on and which is antagonistic comes`free' in the nonlinear control design, whereas with a linear controller further adjustments would berequired.
Any perturbations from the switching surface results in an immediate control signal that forces the trajectory back on to the switching surface. In nitely fast switching is required in order for the state trajectory to exactly follow the discontinuity surface. Since actual systems must switch a t a n i t e frequency due to various imperfections, such a s h ysteresis or delay, the system will enter a limit cycle around the desired point in the phase plane. If a limit cycle is not desired, it is possible to consider a boundary layer around the discontinuity surface, inside which i s p l a n t is driven smoothly to the surface at the expense of time domain performance. As the imperfections are removed, this boundary layer reduces to the ideal discontinuity surface.
In the time optimal sense, switching is the most e cient way to drive the plant since the maximum realizable gain is used at all times. The major drawback of using maximum drive for high speed switching is stability. For small perturbations, the maximum feedback gain may cause the system to oscillate or go unstable. The gain must bechosen so that it is large enough to drive the plant as quickly as required to the set point, yet be small enough so as to not cause oscillation larger than a speci ed limit.
Using a single gain in the feedback path results in a controller that is too conservative, as the desired properties of stability and performance can not be adequately realized. Hybrid switching controllers have also been proposed 4], notably a two stage switching control law. In the two stage approach di erent feedback gains are used as one approaches the discontinuity surface. This results in a controller with several switching surfaces, however the surface de ned by the set point is the only surface to exhibit sliding by t h e c hoice of the feedback gains.
Two Stage -controller
A two stage hybrid controller has beenexplored for the control of the SMA actuator. Two constant amplitude current values are used depending on the magnitude of the error. When the error is large a high value of current is used to drive the plant quickly to the set point. As the error approaches zero a lower magnitude pulse is used to minimise the magnitude of the limit cycle. This results in a smoother motion as the state trajectory slows down as it approaches the set point switching surface, allowing us to satisfy the dual requirements of having stability a n d a q u i c k response.
The adjustable parameters for the two stage controller are the location of the threshold switching surfaces, and the amplitudes of the constant current high and low pulses. A good value for this gain near the set point is the current level needed to maintain the temperature of the actuator, that is, a current that will provide enough heat to compensate for the ambient heat loss.
The block diagram of the controller can be seen in Figure 11 . 
APPLYING THE CONTROLLER
On the Model Figure 12 shows the step response when applying the two stage feedback controller on the model previously discussed. Recall that the model in closed loop simpli es to an integrator with a gain. The boundary layer is set at .5 mm with a high pulse of 6.0 amps a n d a l o w pulse of 3.0 amps.
The response clearly shows the transition from the high to low pulse at the threshold boundary level. The boundary layer should bemade as small as possible, dictated by stability constraints, as better time performance will result. On the Actuator Figure 13 shows the step and ramp response of the two stage constant controller with the parameters set as follows: 1) maximum gain = 6.3 amps 2) gain near set point = 3.4 amps 3) threshold level = .188 mm.
The step response here enters a limit cycle of 160 Hz with an average value steady state error of .01 mm. The rise time is 35 ms. The limit cycle at the set point has a magnitude of .04 mm, while the limit cycle near the neutral position has a magnitude of .1 mm.
The tracking response for a 1 H z triangle wave is quite accurate after the initial half wavelength. This is due to the fact that the actuators initially begin at room temperature and there is a time delay when heating the cold actuators. During continuous operation however the actuator's temperature remains near A s and the tracking is accurate. This experimentally justi es the neglection of a time delay in the proposed closed loop model. Figure 14 shows the response of two di erent s i n usoidal frequencies. While the plant is able to reasonable track a sine wave of .5 Hz it lags behind a sine wave of 1 Hz. This lag is a result of having too low of a gain within the Step and Ramp Response of Two Stage-Constant Magnitude boundary layer, however this low gain is necessary for stability requirements. In examining the step response it can be seen that the limit cycle possesses a di erent magnitude at the 2.5 mm mark compared to the neutral position. This is a byproduct of attempting to compensate for the nonlinear displacement gain of the actuator with one xed magnitude pulse. When the actuator is extended, it has a di erent displacement gain than when it is contracted. As a re nement to the two stage constant magnitude controller, a third constant magnitude pulse was added to the controller depending on the state space information of whether the actuator was extended or contracted. This will allow us better control over the limit cycle magnitude throughout the working range of the actuator. The switching scheme is then given as shown in Figure 15 , and a step response is shown in Figure 16 .
Comparing the left side of Figure 16 with Figure 13 we can see that the limit cycle is indeed reduced around the neutral position.
Ideally the constant magnitude pulse inside the boundary layer should have an amplitude that compensates for the displacement force tradeo throughout the workspace of the actuator. However the right side of Figure 16 indicates that this added complexity is perhaps unnecessary. By construction of the set point switching surface, any deviance from the set point results in an immediate gain that drives the plant back to the set point surface. In Figure 17 a disturbance force of 2 N is applied by the testbed at 100 ms. This corresponds to 5 0 % o f t h e actuator's maximum rated force.
Observations
Shape memory alloys however, are notorious for numerous nonlinearities including dominating hysteresis loops. Why then does such a simple model, an integrator, produce accurate results? We have found that the antagonist arrangement c hosen for the actuators, combined with the method of control, was the cause of the complexity reduction. While under the in uence of control, there is at all times only one actuator driving the system. That is, one actuator undergoing transition from the Martensite phase to the Austenite phase, while the other remains mostly in the malleable Martensite phase. The result of this is that the drive is always derived from the same side of the hysteresis loop, be it a major or a minor loop. As an analogy to this consider the double gear systems in anti-backlash drives.
Moreover, the return path of the passive actuator acts as a constant bias that will allow t h e driving actuator to be rmly in control, regardless of the 
CONCLUSIONS
A novel actuator using shape memory alloys has been proposed that overcomes the main drawback of shape memory alloys, that being limited strain. The abundant force available with SMA bers is e ciently transformed to increase displacement b y w eaving bers around supporting disks. An actuator prototype, see Figure 18 has been constructed with the following properties:
light w eight -6 grams, compact -17 mm cylinder x 30 mm long, powerful -4 newtons, direct drive actuator, requires no gears or lubrication, smooth movements, silent a n d modular.
mm 30 mm
Figure 18: SMA actuator prototype Open loop experiments were conducted to demonstrate the intrinsic properties of the SMA actuator. Using these graphs and knowledge of the underlying physics a simple model was purposed and further justi ed through simulation.
Two multi-level switching control laws were then applied to the shape memory alloy actuator. The controllers are based on a simple concept, switching on the sign of the error, and produces rather satisfactory results.
Further research has been done on implementing this technology for a compact pan, tilt, and torsion camera unit 5].
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